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 Control of Italian ryegrass is important to Tennessee wheat producers.  Control of Italian 
ryegrass has become more difficult over the years due to diclofop resistance.  Italian ryegrass 
resistance to diclofop has been documented in several countries including the US.  Tennessee 
producers have begun to notice that ryegrass escapes are becoming more prevalent than in years 
past.  The purpose of this research was to use glasshouse methods to screen selected populations 
of Italian ryegrass for resistance to diclofop and to a more recent wheat herbicide pinoxaden and 
to utilize field experiments to develop herbicide programs for control Italian ryegrass in the field.  
Resistance to diclofop was found in eight TN populations.  The eight populations did not show 
cross-resistance to pinoxaden.  One population from Union County, NC (R1) was found to be 
resistant to both diclofop and pinoxaden.  The level of resistance to pinoxaden of the R1 
population was 14 x that of the susceptible population.  Field experiments demonstrated 
preemergence (PRE) Italian ryegrass control with chlorsulfuron (71 to 94%) and flufenacet + 
metribuzin (84 to 96%).  Italian ryegrass control with pendimethalin applied PRE or delayed 
preemergence (DPRE) was variable (0 to 85%).  Postemergence control of Italian ryegrass was 
good with pinoxaden, mesosulfuron, flufenacet + metribuzin, and chlorsulfuron + flucarbazone 
(>80%).  Timing of application and herbicide treatment had no effect upon wheat yield, except 
for diclofop and pendimethalin treatments where Italian ryegrass was not controlled. 
Pinoxaden is in the phenylpyrazolin herbicide family which offers control of Italian 
ryegrass but is not toxic to wheat.  Pinoxaden has only been on the market for three years yet 
several wheat producers have suspected resistance in Italian ryegrass biotypes.  An experiment 
was conducted to identify Italian ryegrass biotypes resistant to pinoxaden and to determine the 
mechanism of resistance using derived Cleaved Amplified Polymorphic Sequence (dCAPS) 
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methods.  Two populations were found resistant to pinoxaden, one from the state of Washington 
(R2) and the other from North Carolina (R1). The substitution of isoleucine by leucine at the 
1781 ACCase residue was identified in the R1 biotype but not in the R2.  The NC1 biotype is the 
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In 2008, Tennessee’s winter wheat (triticum aestivum L.) acreage was 250,000 ha with 
about 80% of the acreage used for grain production and the remaining for ground cover, winter 
grazing, and livestock feed (NASS 2009).  Over the past few years many wheat producers in 
Tennessee have noticed that Italian ryegrass (Lolium perenne L. spp. multiflorum Lam. Husnot) 
has become more prevelant in their wheat fields (Personal experience).  Italian ryegrass is one of 
the most competitive and common weeds in winter wheat production in the United States (Porter 
et al. 2005, Bailey and Wilson 2003, Hashem et al. 1998, and Appleby et al. 1976).  Wheat 
producers have relied upon the herbicide diclofop for control of Italian ryegrass and other winter 
annual monocots since its release in the early 1980’s.  Diclofop is a member of the 
aryloxyphenoxyproprionate (AOPP) herbicide family which inhibit the enzyme acetyl-CoA 
carboxylase (ACCase; EC.6.4.1.2) which is the first step in de novo fatty acid synthesis (Burton 
et al. 1989).  Consistent use of diclofop has selected for biotypes that are tolerant to this 
chemistry (Crooks et al. 2003).   The first case of diclofop resistant Italian ryegrass was 
documented by Stanger and Appleby (1989) in a population from Oregon.  Worldwide five 
countries; Italy, Spain, Chile, United Kingdom, and the United States have documented diclofop 
resistant Italian ryegrass (Heap 2009).  In the United States, nine states including Tennessee have 
reported diclofop resistant Italian ryegrass (Heap 2009).   
A current alternative to diclofop is pinoxaden which is in the phenylpyrazolin family of 
herbicides (Senseman 2007a).  Pinoxaden has a similar mode of action to other AOPP herbicides 
except for a novel chemical structure which increases its aromatic moiety thereby increasing its 
efficacy (Boeger et al. 2006).  The increase in effectiveness of pinoxaden over diclofop could be 
contributed to an alternate binding site due to this unique chemical structure (Nikolskaya et al. 
1999; Porter et al. 2005).  However, populations of Italian ryegrass can develop cross resistance 
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to multiple ACCase inhibiting herbicides.  Cross resistance is the ability of a single plant or a 
population to be resistant to multiple herbicides due to a single mechanism of resistance.  Kuk et 
al. (2000) discovered a diclofop methyl resistant Italian ryegrass population from Arkansas to be 
cross resistant to another AOPP herbicide, fenoxaprop.  There are two general mechanisms 
which confer resistance to ACCase inhibiting herbicides.  The first is target site insensitivity 
which occurs due to a mutation of the ACCase enzyme.  The second is enhanced metabolism, 
absorption, and translocation which allows the plant to detoxify the herbicide by sequestering the 
it into the plant cell vacuole.  Insensitivity of the ACCase target site is the most common 
mechanism of resistance and has been documented in several grass species such as; Lolium spp. 
(Tardif et al. 1993, Gronwald et al. 1992), Setaria spp. (Marles et al. 1993, Shukla et al. 1997), 
Avena spp. (Seefeldt et al.1996, Maneechote et al. 1994), Digitaria ischaeum (Kuk et al. 1999), 
and Eleusine indica (Leach et al. 1995).   
Tennessee wheat producers have other herbicides with alternate modes of action to 
control ACCase resistant Italian ryegrass.  Mesosulfuron, chlorsulfuron + flucarbazone, and 
pyroxsulam are inhibitors of the ALS enzyme (EC 4.1.3.18) and offer control of Italian ryegrass 
in wheat (LaRossa and Schloss 1984).  The ALS enzyme catalyzes the first step in biosynthesis 
of the branched chain amino acids valine, leucine, and isoleucine (Brown 1990). The herbicide 
combination flufenacet + metribuzin is an alternative to diclofop and pinoxaden for control of 
Italian ryegrass (Grey and Bridges 2003).  Flufenacet is the portion of the herbicide mixture that 
has activity on Italian ryegrass and exhibits soil residual activity.  The mode of action for 
flufenacet is the inhibition of very long chain fatty acids biosynthesis which are important in 
forming cuticular waxes and membrane phospholipids in plants (Senseman 2007b).  Finally, 
pendimethalin is a soil residual herbicide which inhibits microtubule formation in plant root 
4 
 
tissue.  Pendimethalin is a potential option for wheat producers to prolong weed control during 
the season. Tennessee producers who have ACCase resistant Italian ryegrass are interested in 
alternatives to diclofop. Research is needed to develop weed resistance management strategies 
with these alternate herbicides to control ACCase resistant Italian ryegrass. 
The objectives of this dissertation were to (1) screen various Italian ryegrass populations 
from TN and a selected population from Union County, NC (R1) for ACCase herbicide 
resistance specifically to diclofop and pinoxaden (2) determine the level of observed resistance 
to pinoxaden (3) determine the mechanism of resistance to pinoxaden , (4) evaluate the efficacy 
of current wheat herbicides for control of Italian ryegrass under field conditions, and (5) 
determine whether or not a residual herbicide increases yield when applied preemergence (PRE) 
or in conjunction with a post emergence (POST) herbicide application.  Our hypotheses are (1) 
that some of the populations are resistant to diclofop but are not cross-resistant to pinoxaden and 
(2) that the use of residual herbicides will increase wheat yields. The null hypotheses are that the 





























Appleby, A. P., P. D. Olson, and D. R. Colbert. 1976. Winter-Wheat Yield Reduction from  
Interference by Italian Ryegrass. Agron. 68: 463-466. 
Bailey, W. A. and H. R. Wilson. 2003. Control of Italian Ryegrass (Lolium multiflorum) in wheat  
(Triticum aestivum) with postemergence herbicides. Weed Technol. 17: 534-542. 
Boeger, M., F. Cederbaum, D. Cornes, A.A. Friedmann, J. Glock, M. Muehlebach, and T.  
Niderman. 2006. Milestones in the discovery of pinoxaden: a unique graminicide for 
global use in cereal crop. Axial Herbicide Release Publication. Syngenta Crop Protection 
AG, Schwarzwaldallee 215, CH-4002 Basel, Switzerland.  
Brown, E. M. 1990. Mode of action, crop selectivity, and soil relations of the sulfonylurea  
herbicides. Pestic. Sci. 29:263–281. 
Burton, J. D., J. W. Gronwald, D. A. Somers, B. G. Gegenbach, and D. L. Wyse. 1989.  
Inhibition of corn acetyl-coA carboxylase by cyclohexanedione and 
aryloxyphenoxypropionate herbicides. Pestic. Biochem. Physiol. 34:76–85. 
Crooks, H., A. C. York, and D. L. Jordan. 2003. Wheat (Triticum aestivum) tolerance and Italian  
ryegrass (Lolium multiflorum) control by AE F130060 00 plus AE F115008 00 mixed 
with other herbicides. Weed Technol. 17: 881-889. 
Grey, T. L. and D. C. Bridges. 2003. Alternatives to diclofop for the control of Italian ryegrass  
(Lolium multiflorum) in winter wheat (Triticum aestivum). Weed Technol. 17: 219-223.  
Gronwald, J. W., C. V. Eberlein, K. J. Betts, R. J. Baerg, N. J. Ehlke, and D. L. Wyse. 1992.  
Mechanism of diclofop resistance in an Italian ryegrass (Lolium-Multiflorum Lam) 





Hashem, A., S. R. Radosevich, and M. L. Roush. 1998. Effect of proximity factors on  
competition between winter wheat (Triticum aestivum) and Italian ryegrass (Lolium 
multiflorum). Weed Sci. 46: 181-190. 
Heap, I., 2009. International survey of herbicide resistanct weeds. Accessed. 27th February, 2009,  
Available at www.weedscience.com 
Kuk, Y. I., J. R. Wu, J. F. Derr, and K. K. Hatzios. 1999. Mechanism of fenoxaprop resistance in  
an accession of smooth crabgrass (Digitaria ischaemum). Pestic. Biochem. and Physiol.  
64: 112-123. 
Kuk, Y. I., N. R. Burgos, and R. E. Talbert. 2000. Cross- and multiple resistance of diclofop- 
resistant Lolium spp. Weed Sci. 48: 412-419. 
LaRossa, R.A. and J.V. Schloss. 1984. The sulfonylurea herbicide sulfometuron methyl is an  
extremely potent and selective inhibitor of Acetolactate synthase in Salmonella 
typhimurium. J. Biol. Chem. 14:8753-8757. 
Leach, G. E., M. D. Devine, R. C. Kirkwood, and G. Marshall. 1995. Target enzyme-based  
resistance to acetyl-Coenzyme-A carboxylase inhibitors in Eleusine-Indica. Pestic. 
Biochem. and Physiol.  51: 129-136. 
Maneechote, C., J. A. M. Holtum, C. Preston, and S. B. Powles. 1994. Resistant acetyl-Coa  
carboxylase is a mechanism of herbicide resistance in a biotype of Avena-Sterilis ssp 
Ludoviciana. Plant and Cell Physiol. 35: 627-635. 
NASS 2009. National Agricultural Statistics Service, USDA. Accessed February 27th, 2009.  





Nikolskaya, T., O. Zagnitko, G. Tevzadze, R. Haselkorn, and P. Gornicki. 1999. Herbicide  
sensitivity determinant of wheat plastid acetyl-CoA carboxylase is located in a 400-
amino acid fragment of the carboxyltransferase domain. Proceed. of the National 
Academy of Sciences of the United States of Amer. 96: 14647-14651. 
Porter, D. J., M. Kopec, and U. Hofer. 2005. Pinoxaden—a new selective postemergence  
graminicide for wheat and barley. Abstract Weed Sci. Soc. Amer. 45:95. 
Seefeldt, S. S., J. E. Jensen, and E. P> Fuerst. 1995. Log-logistic analysis of herbicide dose- 
response relationships. Weed Technol. 9:218-227. 
Seefeldt, S. S., E. P. Fuerst, D. R. Gealy, A. Shukla, G. P. Irzyk, and M. D. Devine. 1996.  
Mechanisms of resistance to diclofop of two wild oat (Avena fatua) biotypes from the 
Willamette Valley of Oregon. Weed Sci. 44: 776-781. 
Senseman, S. A. 2007 a. Pinoxaden. Herbicide Handbook WSSA 9th Edition. pg 38.  
Senseman, S. A. 2007 b. Summary of herbicide mechanism of action: Fatty acid and lipid  
biosynthesis inhibitors. Herbicide Handbook WSSA 9th Edition. pg 14. 
Shukla, A., G. E. Leach, and M. D. Devine. 1997. High-level resistance to sethoxydim conferred  
by an alteration in the target enzyme, acetyl-CoA carboxylase, in Setaria faberi and 
Setaria viridis. Pestic. Biochem. and Physiol. 35: 803-807. 
Stanger, C. E. and A. P. Appleby. 1989. Italian ryegrass (Lolium-Multiflorum) accessions t 
tolerant to diclofop. Weed Sci. 37: 350-352. 
Tardif, F. J., J. A. M. Holtum, and S. B. Powles. 1993. Occurrence of a herbicide-resistant  
acetyl-Coenzyme-A carboxylase mutant in annual ryegrass (Lolium-Rigidum) selected by 















A PINOXADEN RESISTANT POPULATION OF ITALIAN RYEGRASS (LOLMU) AND 
RESISTANCE MANAGEMENT STRATEGIES FOR ITALIAN RYEGRASS CONTROL 













The authors would like to thank Jason Hamlin with Wheat Tech Inc. and the County 
Agricultural Extension Agents who helped collect field samples.  Thanks to Syngenta Crop 
Protection for providing partial funding and materials.  The gift of Italian ryegrass seed from 






















 Italian ryegrass control is important to winter wheat producers, and this effort has become 
more difficult over the years due to diclofop resistance.  Italian ryegrass resistance to diclofop 
has been documented in several countries including the US.  Tennessee producers have begun to 
notice that ryegrass escapes are becoming more prevalent than in years past.  The purpose of this 
research was to use glasshouse methods to screen selected populations of Italian ryegrass for 
resistance to diclofop and to a more recent wheat herbicide pinoxaden and to utilize field 
experiments to develop herbicide programs for Italian ryegrass control.  Resistance to diclofop 
was confirmed in eight TN populations.  These eight populations did not show cross-resistance 
to pinoxaden.  One additional population from Union County, NC (R1) was found to be resistant 
to both diclofop and pinoxaden.  The level of resistance to pinoxaden of the R1 population was 
14 x that of the susceptible population.  Field experiments demonstrated preemergence (PRE) 
Italian ryegrass control with chlorsulfuron (71 to 94%) and flufenacet + metribuzin (84 to 96%).  
Italian ryegrass control with pendimethalin applied PRE or delayed preemergence (DPRE) was 
variable (0 to 85%).  Postemergence control of Italian ryegrass was good with pinoxaden, 
mesosulfuron, flufenacet + metribuzin, and chlorsulfuron + flucarbazone (>80%).   Timing of 
application and herbicide treatment had no effect upon wheat yield, except for diclofop and 
pendimethalin treatments where Italian ryegrass was not controlled and yield was less. 
 
Nomenclature: Diclofop; pinoxaden; chlorsulfuron; chlorsulfuron +flucarbazone; flufenacet + 
metribuzin; mesosulfuron; pendimethalin; Italian ryegrass, Lolium perenne L. spp. multiflorum 
Lam. Husnot LOLMU; wheat, Triticum aestivum L.  




In 2008, Tennessee’s winter wheat acreage was 250,000 ha with about 80% of the 
acreage used for grain production and the remaining for ground cover, winter grazing, and 
livestock feed (NASS 2009).  Over the past few years many wheat producers in Tennessee have 
noticed that Italian ryegrass (Lolium perenne L. spp. multiflorum Lam. Husnot) is becoming 
more prevelant in their wheat fields (personal observation).  Italian ryegrass is one of the most 
competitive and common weeds in winter wheat production in the United States (Porter et al. 
2005, Bailey et al. 2003, Hashem et al. 1998, and Appleby et al. 1976).  Wheat producers have 
relied upon the herbicide diclofop for control of Italian ryegrass and other winter annual 
monocots since its release in the early 1980’s.  Diclofop is a member of the 
aryloxyphenoxyproprionate (AOPP) herbicide family which inhibits the enzyme acetyl-CoA 
carboxylase (ACCase; EC.6.4.1.2) which is the first step in de novo fatty acid synthesis (Burton 
1989).  Consistent use of diclofop has selected for biotypes that are tolerant to this chemistry 
(Crooks et al. 2003).   The first case of diclofop resistant Italian ryegrass was documented by 
Stanger and Appleby (1989) in a population from Oregon.  Worldwide five countries; Italy, 
Spain, Chile, United Kingdom, and United States have documented diclofop resistant Italian 
ryegrass (Heap 2009).  In the United States there have been nine states including Tennessee have 
reported diclofop resistant Italian ryegrass (Heap 2009).   
A current alternative to diclofop is pinoxaden which is in the phenylpyrazolin family of 
herbicides (Senseman 2007a).  Pinoxaden has a similar mode of action to other AOPP herbicides 
except for a novel chemical structure which increases its aromatic moiety thereby increasing its 
efficacy (Boeger et al. 2006).  The increase in effectiveness of pinoxaden over diclofop could be 
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contributed to an alternate binding site due to this unique chemical structure (Nikolskaya et al. 
1999; Porter et al. 2005).  However, populations of Italian ryegrass can develop cross resistance 
to multiple ACCase inhibiting herbicides.  Cross resistance is the ability of a single plant or a 
population to be resistant to multiple herbicides due to a single mechanism of resistance.  Kuk et 
al. (2000) discovered a diclofop methyl resistant Italian ryegrass population from Arkansas to be 
cross resistant to another AOPP herbicide, fenoxaprop.  There are two general mechanisms 
which confer resistance to ACCase inhibiting herbicides.  The first is target site insensitivity 
which occurs due to a mutation of the ACCase enzyme.  The second is enhanced metabolism, 
absorption, and translocation which allow the plant to detoxify the herbicide by sequestering the 
herbicide into the vacuole of the plant cell.  Insensitivity of the ACCase target site is the most 
common mechanism of resistance and has been documented in several grass species such as; 
Lolium spp. (Tardif et al. 1993 and Gronwald et al. 1992), Setaria spp. (Marles et al. 1993 and 
Shukla et al. 1997), Avena spp. (Seefeldt et al.1996 and Maneechote et al. 1994), Digitaria 
ischaeum (Kuk et al. 1999), and Eleusine indica (Leach et al. 1995).   
Tennessee wheat producers have other herbicides with alternate modes of action to 
control ACCase resistant Italian ryegrass.  Mesosulfuron, chlorsulfuron + flucarbazone, and 
pyroxsulam are inhibitors of the ALS enzyme (EC 4.1.3.18) and offer control of Italian ryegrass 
in wheat (LaRossa and Schloss 1984).  The ALS enzyme catalyzes the first step in biosynthesis 
of the branched chain amino acids valine, leucine, and isoleucine (Brown 1990). The herbicide 
combination flufenacet + metribuzin is an alternative to diclofop and pinoxaden for control of 
Italian ryegrass (Grey and Bridges 2003).  Flufenacet is the portion of the herbicide mixture that 
has activity on Italian ryegrass and exhibits soil residual activity.  The mode of action for 
flufenacet is the inhibition of very long chain fatty acids biosynthesis which is important in 
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forming cuticular waxes and membrane phospholipids in plants (Senseman 2007b).  Finally, 
pendimethalin is a soil residual herbicide which inhibits microtubule formation in plant root 
tissue.  Pendimethalin is a potential option for wheat producers to prolong weed control during 
the season. Tennessee producers who have ACCase resistant Italian ryegrass are interested in 
alternatives to diclofop. Research is needed to develop weed resistance management strategies 
with these alternative herbicides to control ACCase resistant Italian ryegrass. 
The objectives of this dissertation were to (1) screen Italian ryegrass populations from 
TN and a selected population from Union County, NC (R1) for ACCase herbicide resistance 
specifically to diclofop and pinoxaden, (2) determine the level of observed resistance to 
pinoxaden, (3) evaluate the efficacy of current wheat herbicides for control of Italian ryegrass 
under field conditions, and (4) determine whether or not a residual herbicide increases yield 
when applied PRE or in conjunction with a POST herbicide application.  Our hypotheses are (1) 
that some of the populations are resistant to diclofop but are not cross-resistant to pinoxaden and 
(2) that the use of residual herbicides will increase wheat yields.  The null hypotheses are that the 
populations are cross resistant to pinoxaden and the use of residual herbicides will not increase 
yields, respectively. 
MATERIALS AND METHODS 
Plant Materials for ACCase Resistance Screening.  In 2006 and 2007, seeds from various 
Italian ryegrass populations, suspected of resistance to ACCase herbicides where collected from 
eight TN counties.  These were compared with two known populations having resistance one 
from TN (population 5) and another from Union County, NC (R1), as well as a susceptible 
standard1.  The majority of the Italian ryegrass samples were collected from fields where 
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resistance to diclofop was expected by the producer, county extension agent, or crop consultant 
and the remaining samples were escapes selected randomly from fields with unknown histories 
of crop and weed management.  In total over the two years, 35 populations were evaluated, with 
most populations originating in NW TN (Figure 1).  Seed heads from multiple plants were 
collected from wheat fields prior to harvest and then the seeds were separated from the panicle 
into a composite sample.  Seeds were stored at 4°C until used.   
Seeds were planted into 10-cm-diameter foam cups which were perforated underneath to 
allow for water percolation and filled with a commercial potting mix2.  Immediately after 
planting, the populations were fertilized with a 20–20–20 + micronutrients fertilizer3 at a rate of 
12 g of dry fertilizer per 3.8 L of water. Plants were fertilized weekly and sprinkler irrigated 
daily. Temperature in the glasshouse ranged from 20 to 28 C. Plants received 11 h of natural 
daylight and were watered daily. Once seeds had germinated, the plants were thinned to a 
uniform density of four plants per cup. 
Herbicide applications were performed when plants reached the one- to two- tiller stage. 
Herbicides were applied at a dosage known to provide 90% control of a susceptible biotype, 
based on preliminary data.  In 2006, herbicide treatments were reduced to diclofop and 
pinoxaden. Applications were performed with a CO2-pressurized backpack sprayer delivering 
190 L/ha at 300 kPa. The spray boom was equipped with TeeJet XR 8002 VS flat-fan spray 
nozzle tips4 spaced 50 cm apart. At 28 DAT, visual control was evaluated on a 0 to 100 scale, 
with 0 representing no control and 100 representing death.  Immediately following the 28-DAT 




The experiments were arranged in a randomized complete block design with four 
replications, and were repeated. In order to allow for comparisons between populations, fresh-
weight data were normalized by converting to percent of non-treated plants. Both visual control 
and fresh-weight data were analyzed with the use of PROC MIXED in SAS (2009) and subjected 
to Fisher’s Protected LSD test with P= 0.05. Visual control data from the glasshouse study 
showed a high level of normality; therefore, the data were not transformed. Results from 
ANOVA for percent control and fresh weight data indicated no interactions within populations 
between treatments and experiments. Therefore, control and fresh weight data were combined 
across experiments.   
Pinoxaden Resistance Level. Out of the 35 populations investigated, only the R1 population 
displayed resistance to pinoxaden based upon initial screening work.  A known pinoxaden 
resistant Italian ryegrass population (R2) was obtained from a field in Whittman County, WA 
and was used for comparison purposes. Seed from the R1, the susceptible seed, and the R2 
populations were planted and examined using the same methods as listed previously. Formulated 
pinoxaden was applied at doses of 0, 8, 15, 30, 60, 120, 240, and 480 g ai/ha; each rate with 701 
ml/ha of Adigor® 5 adjuvant, with pinoxaden at 60 g/ha being the labeled rate. 
The experiment was arranged in a randomized complete block three- by eight-factorial 
design with four replications, and was repeated. The first factor was the plant biotype and the 
second factor was the herbicide dose. Both visual evaluations and fresh-weight data were 
analyzed with the use of PROC MIXED in SAS (2009). Data showed a high level of normality; 
therefore, the data were not transformed. Results from ANOVA indicated no interactions 
between treatments or experiments (P > 0.1735). Therefore, treatment data were combined 
across experiments. Percent control means were regressed against pinoxaden dose with the use of 
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an exponential rise to max model: y = a[1 - exp(- bx)], where a is the asymptote and b describes 
the rate of rise. Fresh-weight response to increasing pinoxaden dose was described by a log-
logistic regression model (Seefeldt et al. 1995): y = c + (d - c)/(1 + exp{b*[log(x) - log(GR50)]}), 
where c is the upper limit, d is the lower limit, b is the slope, and GR50 is the dose required to 
reduce biomass by 50%. Parameters for regression equations were derived with the use of PROC 
NLIN in SAS (2009), and GR50 values derived with the use of PROC PROBIT analysis in SAS 
(2009). 
Field Experiment. An experiment was conducted in 2006 and repeated in 2007 at two locations, 
one in Knoxville, TN and one in Milan, TN. The four experiments were conducted to evaluate 
the efficacy of several wheat herbicides for control of Italian ryegrass.  The Italian ryegrass 
population at the Milan location was resistant to diclofop, while at the Knoxville location a 
susceptible seed source6 was sown at the time of wheat planting.  The susceptible seed (98% 
germination) was sown at a rate of 56 kg/ha. Wheat varieties at Milan were USG 33507 and 
Pioneer 26R158 for 2006 and 2007, respectively. Wheat varieties at Knoxville were Agripro 
COKER-Berreta9 and Pioneer 26R15 for 2006 and 2007, respectively.  Wheat variety varied 
upon location and year due to commercial availability, but all were medium maturity soft red 
winter wheat varieties adapted to the mid-south USA.  Milan planting dates were November 20, 
2006 and November 13, 2007. Knoxville planting dates were October 24, 2006 and November 2, 
2007.   Seeds were drilled at a depth of 2.54 cm at a rate of 112 kg/ha with a row spacing of 20 
cm.  Plot size was 3 m wide by 9.1 m long.  Standard wheat fertility practices were used based 
on University of Tennessee recommendations, and included phosphorous and potassium in the 
fall and nitrogen each spring.  Herbicide application timings for PRE, DPRE, and POST 
herbicide treatments (Table 3) were at planting, 3 to 5 days after planting, and one- to two- tiller 
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Italian ryegrass, respectively.  Treatments were applied with a CO2-pressurized back-pack 
sprayer calibrated to deliver 190 L/ha at 300 kPa.  The spray boom was fitted with TeeJeet XR 
8002 VS flat-fan spray nozzle tips spaced 50 cm apart.   
Visual evaluations of Italian ryegrass control were recorded as a percent control based on 
the non-treated check with values ranging from 0 (no control) -100% (plant death).  Evaluations 
were taken at 2, 4, 8 wk after treatment (WAT), and 2 wk prior to wheat harvest. Wheat yield 
was collected at crop maturity with a 1.5 m width of the center of each plot mechanically 
harvested.   The experimental design was a randomized complete block design with treatments 
replicated four times.  Data were analyzed with ANOVA with a Fisher’s Protected LSD test at 
the P value of 0.05.  Percent control and yield data were highly normal; therefore, data were not 
transformed.  Year effect was not significant for treatments, so data were pooled across years.  
Location effect was significant for treatments; therefore, data were not pooled across locations, 
and this was anticipated because of the different resistance level of each population.   
RESULTS AND DISCUSSION 
ACCase Resistance Screening. Resistance is the ability of a single plant or a population to 
survive an application of a herbicide at a rate which controls a susceptible plant or population.  
Resistance can be attributed to the selection pressure that a herbicide applies to a given 
population that promotes an altered metabolic system or the genetic make-up of a plant.  
Selection pressure is affected by the herbicides mode of action, rate and frequency at which it is 
applied, herbicide chemistry-related factors, and a plant species inherent genetic variability and 
reproductive strategy.   
In defining resistance of a population the authors used two criteria; 1) that population 
must have a normalized fresh weight value that is statistically less than the susceptible 
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population and 2) plants must produce seed heads.  For example with the herbicide diclofop, 
populations with a fresh weight value of 58 or less and 85 or less were preliminary indications of 
diclofop resistance in 2006 and 2007, respectively (Tables 1 and 2).  Furthermore it was noted 
that populations with a mean fresh weight greater than 50% did not produce a seed head.  The 
results from the screening for the diclofop treatment were unexpected.  Out of the 34 TN 
populations screened, only 8 (populations 3, 18, 19, 22, 27, 29, 30, and 32) were resistant to 
diclofop.  Several populations (fresh weight means of 62 to 69%) showed a low level of 
resistance but the plants never fully recovered.  Even though many of the populations were from 
putatively resistant fields, the fact that a minority of fields were resistant allows us to state that 
diclofop resistance was less than anticipated when we began this research.  Two possible 
explanations exist for the low amount of resistance to diclofop in TN populations of Italian 
ryegrass.   First, it is possible that in previous years TN wheat producers have not controlled 
Italian ryegrass, resulting in a greater ryegrass seed bank.  Producers often choose to minimize 
input costs when growing wheat in a soybean rotation due to low wheat commodity prices.  
Second, wheat producers may wait too long before applying diclofop on mature Italian ryegrass.  
This application timing discourages complete ryegrass control.  The Italian ryegrass then is 
falsely identified as a resistant population.   
Our results indicate that TN has a low level of occurrence of resistance relative to other 
states such as Arkansas.  Recent studies from researchers in Arkansas have documented 29 of 36 
accessions to be diclofop resistant (Kuk et al. 2008).  Furthermore, by 2007 the researchers had 
recorded up to 100 cases of diclofop resistance in Arkansas, Northern Louisiana, and the S.E. 
Missouri.   
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The TN populations that were resistant to diclofop did not exhibit cross-resistance to 
pinoxaden.  Pinoxaden provided more complete control of more Italian ryegrass populations than 
did diclofop.  The TN population 29 exhibited a low level of resistance to pinoxaden.  However, 
re-growth from herbicide damage was minimal and the plants never reached the jointing 
reproductive stage. The R1 population was the only one to exhibit resistance to pinoxaden from 
both sample sets. This population showed cross-resistance to diclofop. Detailed information on 
the field history of the R1 population is unclear and this population is a potential area for further 
studies.   
Pinoxaden Resistance Level.  The GR50 values for the susceptible, R1, and R2 were 4.5, 30, and 
69 g ai/ha of pinoxaden, respectively (Figure 2).  The level of resistance for the R1 population  
based on a ratio (R/S) was 14 x.  The R1 population’s GR50 value was 2.3 x higher than the R2, 
indicating a possible difference in their resistance mechanisms.  The GR50 to pinoxaden for the 
R1 population is comparable to other resistant monocot species, including hood canarygrass 
(Phalaris paradoxa) GR50 ≈ 60 g/ha (Hochberg et al. 2008), littleseed canarygrass (Phalaris 
minor) GR50 = 41.5 g/ha (Chhoker and Sharma 2008), and wild oat (Avena fatua) GR50 = 40 g/ha 
(Uludag et al. 2008).  Our findings confirm Italian ryegrass resistance to pinoxaden previously 
reported by Kuk et al (2008), as they reported 20% cross-resistance to pinoxaden.  More Italian 
ryegrass resistance to pinoxaden is possible in the future given the widespread occurrences of 
AOPP resistant Italian ryegrass in the world and that pinoxaden has only been commercially 
available since 2006.  
Field Experiment. Producers today select herbicides for weed management differently than they 
once did (Mueller et al. 2005). Crop producers, weed scientists, and chemical companies have 
begun to discover the value in rotating herbicide modes of action and not being solely dependent 
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upon one particular herbicide class.  Producers in the Southern wheat belt need alternatives to 
diclofop, clodinafop, and the ALS herbicides such as mesosulfuron, sulfometuron, triasulfuron, 
and chlorsulfuron because of cross- and multiple- resistant Italian ryegrass.   
Italian ryegrass control was > 90% from several herbicide treatments under field 
conditions at both locations (Table 3).  Preemergence applications of chlorsulfuron and 
flufenacet + metribuzin controlled Italian ryegrass. Control of Italian ryegrass at 22 WAT was 
not significantly reduced by lowering the rate of chlorsulfuron.  Diclofop applied PRE controlled 
the susceptible Italian ryegrass population at Knoxville but failed to control the resistant 
population at Milan.  At both locations there was only one primary germination occurrence of 
Italian ryegrass during the season.  The germination at Knoxville occurred with wheat 
germination (approximately 10 DAP).  However, at Milan the population of Italian ryegrass did 
not germinate with early January which was approximately 7- to 8 wks after PRE application.  
The herbicide treatments chlorsulfuron and flufenacet + metribuzin exhibited good soil residual 
efficacy.  The residual activity observed decreased the occurrence of weed escapes and would 
allow the producer some versatility that is not observed with non-residual herbicides such as 
mesosulfuron, pinoxaden, and diclofop.  Control of Italian ryegrass with PRE and DPRE 
applications of pendimethalin was variable between locations.  Preemergence applications at 
Knoxville controlled Italian ryegrass but at Milan it did not.  The DPRE application timing of 
pendimethalin failed to control Italian ryegrass at both locations.  This inconsistency between 
locations and poor control could be contributed to lack of rainfall therefore reducing activation of 
the pendimethalin applications.   
Postemergence control of Italian ryegrass was optimal with all treatments except for 
diclofop at Milan.  The addition of a residual herbicide to pinoxaden and mesosulfuron did not 
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improve Italian ryegrass control later in the season. Wheat yields were similar with all treatments 
at each location, except for the diclofop applications at Milan and the pendimethalin treatments 
at both locations which yielded similarly to the non-treated check. Producers at times are unable 
to apply a PRE or EPOST herbicide due to wet field conditions or time constraints, so they have 
to make a POST application later in the season.  This is generally not recommended by weed 
scientists, because during the early growth stages of wheat it is important to maintain a weed free 
field.  This period is where yield reductions can occur most due to weed competition.   Many 
times producers wait too long into the spring and allow ryegrass to reach a more mature growth 
stage where Italian ryegrass is more difficult to control.   
This study demonstrated the effectiveness of different herbicide modes of action to 
control Italian ryegrass, which is the primary step in avoiding weed resistance.  The herbicides 
also offer a broad application window from planting to early postemergence.  A producer with an 
ACCase or ALS resistant population still has effective options for Italian ryegrass control.  
However, if the producer has multiple-resistance to ACCase and ALS herbicides the options are 
limited to flufenacet + metribuzin and pendimethalin.  Cases of ALS and ACCase multiple-
resistance has been confirmed in Arkansas (Kuk et al. 2007).  It is suspected that TN has 



































1 Annual ryegrass seed, Herbiseed Company, New Farm, Mire Lane, Waltham St. Lawrence,  
Reading, Berkshire RG10 ONJ. 
2  BM1 All Purpose Potting Mixture, Berger, 121 R. R. 1, Saint-Modeste, Quebec, Canada GOL 
3W0.    
3 General Purpose 20-20-20 plus Trace Elements, Nutriculture Spoon-Feeding Soluble Fertilizer, 
Plant Marvel Laboratories, 371 East 16th Street, Chicago Heights, IL 60411. 
4 TeeJet XR 8002 VS flat-fan spray nozzle tips, Spraying Systems Co., Mobile Systems 
Division, P.O. Box 7900, Wheaton, IL 60189. 
5 Adigor® Spray Adjuvant, Syngenta Crop Protection, P.O. Box 18300, Greensboro, NC 27419 
6 Annual ryegrass, Tennessee Farmers Cooperative, 1514 West Broadway, Maryville, TN 37801. 
7 USG 3350 wheat variety, UniSouth Genetics Inc., 2640-C Nolensville Rd., Nashville, TN 
37211. 
     8 Pioneer 26R15 wheat variety, Pioneer Hi-Bred International Inc., Resource Connection P.O. 
Box 1000, Johnston City, IA 50131.  
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 Italian ryegrass resistance to ACCase inhibiting herbicides is becoming more problematic 
in wheat production.  Diclofop resistance is wide spread in the US and alternative herbicides are 
needed to control resistant populations.  Pinoxaden is new class of ACCase inhibitor herbicide in 
the phenylpyrazolin herbicide family which offers selective control of Italian ryegrass in wheat.  
Pinoxaden has only been on the market for a few years yet resistance is suspected in Italian 
ryegrass biotypes.  An experiment was conducted to identify Italian ryegrass biotypes resistant to 
pinoxaden and to determine if the mechanism of resistance could be attributed to the substitution 
of isoleucine by leucine at the 1781 ACCase residue which has been reported to provide 
resistance to pinoxaden and other ACCase inhibitors in Lolium and other grass species.  Of two 
populations resistant to pinoxaden, one from North Carolina (NC1) contained the I1781L 
substitution where as the second from the state of Washington (R2) did not.  The NC1 biotype is 
the first known pinoxaden resistant Italian ryegrass population in the southern US to be 
documented having the I1781L target-site mutation.  
Nomenclature: Diclofop; pinoxaden; dCAPS; Italian ryegrass, Lolium perenne L. spp. 
multiflorum Lam. Husnot LOLMU; wheat, Triticum aestivum L.  










To date, herbicides are the most economical form of weed control in crops.  The immense 
increase in yields of row crops can be attributed to the use of herbicides, as well as improved 
genetics and fertilizers.  However, the consistent use of herbicides has created 323 resistant 
biotypes in 187 plant species to 19 herbicide groups (Heap 2009). Herbicides that inhibit acetyl-
CoA carboxylase (ACCase; EC.6.4.1.2) are just one of the groups that weeds have developed 
resistance to.  The ACCase enzyme is the first step that catalyzes fatty acid biosynthesis.  
Specifically ACCase catalyzes the formation of malonyl-CoA, which is a two step condensation 
process (Devine and Shukla 2000).  In the primary step, the biotinylated enzyme is carboxylated 
in the presence of bicarbonate and ATP.  The second step, which forms the product malonyl-
CoA, occurs when the carboxylated enzyme transfers the carboxyl group to acetyl-CoA.  
Ultimately the inhibition of ACCase prohibits biosynthesis of acyl lipids, resulting in plant death 
(Burton et al. 1987).  There are three classes of herbicides in this group; the 
aryloxyphenoxypropionates (AOPP’s),the cyclohexanediones (CHD’s), and phenylpyrazolin 
(DEN).   
The AOPP’s, CHD’s, and DEN herbicides are active only on monocots.  The insensitivity 
of dicots to the ACCase inhibiting herbicides results from the plastids containing the prokaryotic 
form of the enzyme.  In contrast, monocot plastids contain the eukaryotic form of the ACCase 
enzyme, which is sensitive (Konishi and Sasaki 1994). Some grass species, including cereal 
crops, have the ability to metabolize the herbicides into inactive compounds (Shimabukuro 
1994).  This selectivity between grass weeds and cereal crops provide wheat producers the 
ability to effectively control problematic weeds such as Italian ryegrass (Lolium perenne L. spp. 
multiflorum Lam. Husnot).  Italian ryegrass is one of the most competitive and common weeds in 
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winter wheat production in the United States (Porter et al. 2005, Bailey et al. 2003, Hashem et al. 
1998, and Appleby et al. 1976).  However, the consistent use of the AOPP herbicides diclofop 
and clodinafop for control of Italian ryegrass has resulted in the occurrence of resistant biotypes 
(Kuk et al. 2008).   
There are two general mechanisms which confer resistance to ACCase inhibiting 
herbicides.  The first is target site insensitivity which occurs due to a mutation of the ACCase 
enzyme.  The second is enhanced metabolism which allow the plant to detoxify the herbicide and 
sequester it in the vacuole of the plant cell.  Insensitivity of the ACCase target site is the most 
common mechanism of resistance and has been documented in several grass species such as 
Lolium spp. (Tardif et al. 1993, Gronwald et al. 1992), Setaria spp. (Marles et al. 1993,  Shukla 
et al. 1997), Avena spp. (Seefeldt et al.1996, Maneechote et al. 1994), Digitaria ischaeum (Kuk 
et al. 1999), and Eleusine indica (Leach et al. 1995).  Déyle et al. (2005b) identified five distinct 
amino acids substitutions in the carboxyl transferase domain of the plastidic ACCase gene that 
individually deliver resistance to ACCase herbicides in Lolium spp.; Asp-2078-Gly, Cys-2088-
Arg, Ile-1781-Leu, Ile-2041-Asn, and Ile-2041-Val. Yu et al. (2007) identified an Ile-1781-Leu 
target site mutation in a Lolium rigidum biotype from Australia that exhibits pinoxaden 
resistance.    
Therefore we hypothesize that Italian ryegrass biotype(s) with pinoxaden resistance could 
test positive for an Ile-1781-Leu ACCase enzyme mutation if the biotype has been subjected to 
repeated use of AOPP herbicides.  The objectives of this research were to screen selected 
diclofop resistant Italian ryegrass biotypes for pinoxaden resistance and use derived Cleaved 
Amplified Polymorphic Sequence (dCAPS) method to define Ile-1781-Leu presence (Kaundun 
and Windass 2006).  
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MATERIALS AND METHODS 
Plant Materials and Glasshouse Bioassay.  Seeds from Italian ryegrass populations, suspected 
of resistance to the herbicide diclofop where collected from Dyer County, TN (1 and 2), a single 
biotype from Union County, NC (NC1), a susceptible standard purchased from Herbiseed1, and a 
known pinoxaden resistant biotype from Washington State (R2).  Seed heads from multiple 
plants were collected from wheat fields prior to harvest and the seeds were separated from the 
panicle into a composite sample for that populations producing area.  Seeds were air dried and 
stored at 4°C until used.   
Seeds were planted into 10-cm-diameter foam cups which were perforated underneath to 
allow for water percolation and filled with a commercial potting mix.  Immediately after 
planting, the populations were fertilized with a 20–20–20 + micronutrients fertilizer2 at a rate of 
12 g of dry fertilizer per 3.8 L of water. Plants were fertilized weekly and sprinkler irrigated 
daily. Temperature in the glasshouse ranged from 20 to 28 C. Plants received 11 h of natural 
daylight and were watered daily. Once seeds had germinated, the plants were thinned to a 
uniform density of four plants per cup. 
Pinoxaden at 15 g ai ha-1 plus 701 ml ha-1 Adigor®3spray adjuvant were applied to one- to 
two-tiller stage Italian ryegrass.  This rate of pinoxaden applied represents the lethal dose at 
which 90 percent of susceptible individuals die (LD90), and was based upon preliminary data.  
Applications were made using a CO2-pressurized backpack sprayer delivering 190 L/ha at 300 
kPa. The spray boom was equipped with TeeJet XR 8002 VS flat-fan spray nozzle tips4 spaced 
50 cm apart. At 21 days after treatment (DAT), visual control was evaluated on a 0 to 100% 
scale, with 0 representing no control and 100 representing complete death. Immediately 
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following the 21-DAT evaluations, aboveground biomass (fresh weight) was determined by 
cutting plant shoots at the base.  
The experiment was arranged in a randomized complete block design with four 
replications and was repeated.  In order to allow for comparisons between populations, fresh-
weight data were normalized by converting to percent of non-treated plants for each population. 
Both visual control and fresh-weight data were analyzed with the use of PROC MIXED in SAS 
(2009) and subjected to Fisher’s Protected LSD test with P= 0.05. Visual control data from the 
glasshouse study showed a high level of normality; therefore, the data were not transformed. 
Results from ANOVA for percent control and fresh weight data indicated no interactions within 
populations between treatments and experiments. Therefore, control and fresh weight data were 
combined across experiments.   
DNA extraction.  Tissue samples (20 mg) were collected from newly expanded leaves from 
selected plants that survived pinoxaden applications, and also from non-treated plants of the 
susceptible biotypes (including the known susceptible and the Dyer Co. 1).  Samples were 
collected from multiple plants for each biotype including 2 from the susceptible, 4 from Dyer 
Co. 1, 2 from Dyer Co. 2, 4 from NC1, and 3 from R2.  Immediately after sample collection all 
tissue was placed in a freeze dryer for 24 hr.  Methods for DNA extraction were based on of 
DNeasy Plant Handbook for the Plant Mini Kit5. 
PCR amplification. Polymerase chain reaction (PCR) methods and components were modeled 
after research conducted by Kaundun and Windass (2006). PCRs were conducted using puReTaq 
Ready-To-Go PCRbeads6 in a total volume of 25 μL containing 0.8 μM of each primer and from 
10 to 50 ng of genomic DNA. PCRs were performed on an Eppendorf Master Cycle Gradient 
Thermocycler Model 967 programmed for an initial denaturation step of 94°C of 2 min followed 
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by 40 cycles of 30 s at 94°C, 30 s at 60°C and 1 min at 72°C. A final extension step for 10 min at 
72°C was also included. 
Restriction digest. Per each reaction a cocktail containing 5 μL PCR product, 2 μL Buffer 
(10X)8, 0.2 μL Nsil Enzyme9, and 13 μL of deionized H2O was prepared.  The reactions were left 
overnight in a water bath set at 37°C. 
Gel electrophoresis. A 2% agarose gel was prepared (3.0 g of agarose in 150mL of 1X TAE 
buffer10) including 30 μL of ethidium bromide. Ten μL of each sample digest and 5 μL of green 
loading buffer (Promega 5X Green GoTaq Reaction Buffer11) were loaded into each individual 
wells.  Run time was set for 2 hrs at ~85v. 
RESULTS AND DISCUSSION 
The results from the glasshouse bioassay showed varying levels of pinoxaden resistance 
in biotypes screened (Figure1).  The TN biotypes, Dyer County 1 and 2 exhibited a low level of 
resistance.  The biotypes NC1 and R2 had higher levels of resistance.  It should be noted that 
plants within the treated NC1 and R2 biotypes re-grew from initial damage.  Re-growth in most 
cases was jointing, therefore stem elongation and seed head formation was observed.  The ability 
of a resistant species to survive a herbicide application and produce reproductive structures is 
vital in replenishing the soil seed bank.  All biotypes screened (except for susceptible) had been 
previously documented to be diclofop resistant (data not shown).  Therefore, it was expected that 
some insensitivity to pinoxaden would be observed.   
The insensitivity to pinoxaden in the biotypes could be due to increased metabolism 
and/or altered target site binding.  The results from the dCAPS analysis showed that the NC1 
biotype contained the altered target-site for the Ile-1781-Leu substitution (Figure 2).  Kaudun 
and Windass (2006) denoted the 165 bp top band as a homozygous mutation for the Ile-1781-
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Leu substitution, and the 130 bp band represented a wild type that is homozygous susceptible.  
The remaining biotypes did not show a positive Ile-1781-Leu mutation.  The Ile-1781-Leu 
mutation in Lolium rigidum has been documented to confer resistance to AOPP and CHD 
herbicides in research conducted by Zagnitko et al. (2001) and to pinoxaden in populations of 
Lolium rigidum Yu et al. (2007).   The NC1 biotype is the first Italian ryegrass population in the 
southern portion of the United States to be positively identified as having the Ile-1781-Leu 
target-site mutation conferring resistance to pinoxaden.  Although the R2 biotype exhibited 
resistance to pinoxaden it did not test positive for the Ile-1781-Leu target-site mutation.  The R2 
biotype could contain one of the alternate amino acid substitutions; Asp-2078-Gly, Cys-2088-
Arg, Ile-2041-Asn, or Ile-2041-Val.  More research needs to be conducted with NC1 and R2 to 
determine if alternate mutations occur.  Research should also focus on the differences in 
metabolism and uptake of radio-labeled pinoxaden within the biotypes.  Even though the 
majority of the literature supports target-site insensitivity as the primary mechanism of ACCase 
resistance, metabolism could be a contributing portion (Déyle et al. 2005a).  Letouzé (2001) 
found differences in metabolism of the ACCase inhibiting herbicide fenoxaprop between 
susceptible and resistant blackgrass (Alopecurus myosuroides Huds.). 
The dCAPS method could be used as an alternative for identifying ACCase resistant 
biotypes rather than the standard glasshouse assay.  The glasshouse assays require either seed to 
be harvested or live plant specimens to be collected.  Then the specimens require an application 
of the herbicide and a period of days to positively identify resistance.  The bioassay is a labor 
intensive and time consuming process.  The dCAPS assay described here is a simple method for 
monitoring resistance of the Ile-1781-Leu ACCase inhibitor resistance allele. It reduces time 
because it requires only PCR, restriction digestion, and basic horizontal gel electrophoresis steps.  
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Instead of months required for analysis using the glasshouse assay, the dCAPS methods can take 
less than a week from time of sample received to results. Timely and accurate analysis of 
samples would allow the wheat producer the ability to effectively control the biotype in season.   
Admittedly, few producers would have these lab resources available to them. Still, this 
finding could provide a basis for further development of a quick, infield assay to determine a 
plant’s susceptibility to pinoxaden. Given the proliferation of weedy plant populations that more 
rapidly develop resistance to herbicides, new management techniques, including more rapid 
decision-making tools, are needed by producers and other decision makers. 
This disparity of responses to our genetic assay between NC1 and R2 opens an interesting 
chapter to research on this herbicide.  Our work is consistent with the previous report of Déyle et 
al. (2005b), in that we matched one of their mutations.  However, we also confirmed pinoxaden 
resistance in another population (R2) that apparently has another basis.  Given the genetic 
diversity of Lolium, this is not surprising, although our finding complicates the scenario of cross-





































1 Annual ryegrass seed, Herbiseed Company, New Farm, Mire Lane, Waltham St. Lawrence,  
Reading, Berkshire RG10 ONJ. 
2 General Purpose 20-20-20 plus Trace Elements, Nutriculture Spoon-Feeding Soluble Fertilizer, 
Plant Marvel Laboratories, 371 East 16th Street, Chicago Heights, IL 60411. 
3  Adigor® Spray Adjuvant, Syngenta Crop Protection, P.O. Box 18300, Greensboro, NC 27419 
4 TeeJet XR 8002 VS flat-fan spray nozzle tips, Spraying Systems Co., Mobile Systems 
Division, P.O. Box 7900, Wheaton, IL 60189. 
5 DNeasy Plant Mini Kit, Qiagen Inc., 27220 Turnberry Lane Suite 200, Valencia, CA 91355 
6 puRe Taq Ready-To-Go PCR Beads, Amersham Biosciences, P.O. Box 643065, Pittsburgh, 
PA  15264-3065  
7 Eppendorf master cycle gradient thermocycler model 96, Eppendorf AG, Barkhausenweg 1, 
22339 Hamburg, Germany 
8 Buffer 10X, Promega Corporation, 2800 Woods Hollow Road, Madison, WI 53711 
9 Nsi1, New England Biolabs, 240 County Road, Ipswich, MA 01938-2723 
10 1X TAE buffer, Fisher Scientific, 2000 Park Lane Drive, Pittsburgh, PA 15275 
11 5X Green Go Taq Reaction buffer, Promega Corporation, 2800 Woods Hollow Road, 
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Table 1.  Effect of ACCase herbicides on selected biotypes of Italian ryegrass to ACCase inhibiting herbicides in 
2006.a   
 Herbicide  
(g ai/ha)b 
Biotype Diclofop          
   (500) 
Clodinafop     
      (50) 
Tralkoxydim  
        (60) 
Sethoxydim  
     (200) 
Pinoxaden  
     (15) 
Clethodim 
       (15) 
LSD c 
 ----------------------------------% Control | 1-%FW of control-----------------------------  
1 89 77 85 84 79 76 97 91 93 90 93 86 13 10 
2 90 72 91 64 78 71 97 90 92 83 94 87 8 14 
3 61 46 77 57 77 68 96 93 95 88 95 89 11 17 
4 70 69 81 52 81 75 97 93 94 89 95 88 9 15 
5-Diclofop Res 32 5 43 21 69 58 95 88 79 74 89 82 11 16 
6 91 76 81 72 87 74 97 93 94 86 94 94 8 15 
7 66 63 74 67 79 76 97 92 92 88 95 90 11 13 
8 64 51 75 66 80 77 95 93 93 90 95 90 10 11 
9 89 74 80 68 81 77 97 93 92 90 94 90 10 10 
10 94 84 89 82 83 78 97 92 95 92 95 91 7 8 
11 88 75 94 85 81 77 97 92 93 89 95 92 8 11 
12 94 75 86 70 84 70 97 90 95 86 95 88 8 11 
13 84 63 84 76 81 75 97 94 92 91 95 92 9 11 
14 80 71 81 70 81 85 96 93 92 92 95 92 8 14 
15 95 90 87 77 83 76 97 94 93 91 95 87 8 11 
16 88 68 82 71 80 73 97 93 93 87 95 89 8 15 
17 92 76 91 87 87 83 96 93 93 90 95 88 9 13 
18 53 45 75 55 71 71 95 91 94 93 94 85 12 13 
19 34 33 43 21 66 58 95 86 87 80 89 78 13 11 
20 79 59 86 74 82 76 97 94 93 92 95 91 12 16 
21 87 67 89 80 84 77 97 92 95 89 94 87 10 14 
Susceptible 94 76 92 69 89 70 97 89 95 86 95 85 7 13 
LSD d 14 18 10 15 8 13 2 4 5 5 4 4 - - 
a Herbicides applied to 1- to 2- tiller Italian ryegrass.  
b LD90 herbicide rates based upon preliminary data.  
c LSD means separation within row P <0.05. 









Biotype             Diclofop-methyl              
                    (500) 
            Pinoxaden 
                (15) 
LSD c   
       ------% Control | 1-%FW of control------  
22 65 48 96 99 15 15 
Susceptible 94 99 96 98 11 7 
23 79 52 97 98 10 7 
24 58 68 95 97 14 17 
R1 2 20 25 50 9 8 
25 71 86 94 97 11 12 
26 57 62 97 97 13 16 
27 76 53 94 99 15 10 
28 48 77 95 98 13 12 
29 0 24 54 67 13 14 
30 8 18 81 89 12 10 
31 40 67 96 96 10 10 
32 42 46 95 97 11 8 
33 68 86 97 98 12 10 
34 56 70 95 97 11 13 
5-Diclofop-Res 30 8 82 78 12 14 
LSD d 17 14 8 7   ─  ─ 
a Herbicides applied to 1- to 2- tiller Italian ryegrass. 
b LD90 herbicide rates based upon preliminary data.  
c LSD means separation within row P <0.05. 




           Table 3. Italian ryegrass control and wheat yield with PRE and POST herbicide treatments at two Tennessee field sites.a   
 
 
Location          
Knoxville  Milan 
   LOLMU control b  Wheat yield LOLMU control  Wheat yield 
Herbicide Rate Application Timing  10 WAT 22 WAT  10 WAT 22 WAT   
 g ai/ha  -----------%----------  kg/ha  -----------%----------  kg/ha 
Diclofop-methyl 1,090 PRE 91 93  4,240  0 31  670 
Chlorsulfuron 13 PRE 75 71  5,050  84 88  1,480 
Chlorsulfuron 26 PRE 85 77  5,580  84 94  2,150 
Flufenacet + metribuzin 419  + 104 PRE 96 90  5,050  84 94  1,680 
Pendimethalin 533 PRE 85 80  2,690  33 30  670 
Pendimethalin 533 DPRE 46 23  2,150  0 12  940 












EPOST 91 93  4,910  92 89  2,490 
Pinoxaden + 
Flufenacet + metribuzin 
60 
419  + 104 
EPOST 97 94  5,720  91 86  2,290 










EPOST 85 93  5,180  89 94  2,360 
Mesosulfuron-methyl + Flufenacet 
+ metribuzin 
15 
419  + 104 
EPOST 97 92  5,580  88 80  2,220 
Diclofop-methyl  1,090 EPOST 92 93  5,650  33 3  1,080 
Chlorsulfuron + flucarbazone  11.7 + 1.9 EPOST 68 90  5,850  90 94  2,290 
Chlorsulfuron + flucarbazone 15.8 + 29.5 EPOST 71 92  5,520  91 95  2,620 
Nontreated         —  0 0  2,360  0 0  1,280 
LSD c   8 9  1,010  8 7  880 
                       a Visual evaluations of control of Italian ryegrass and wheat yield were averaged across years 2007 and 2008. 
                       b Abbreviations: LOLMU,  Italian ryegrass; PRE, preemergence; DPRE, delayed preemergence; EPOST, early postemergence;  WAT, weeks after treatment. 
 
 
































    























              
      
      
      
      
             




















Figure 2-1. Location of selected Italian ryegrass biotypes in NW Tennessee. 
 
 
Diclofop resistant biotype 














































Figure 2. Dose response of selected Italian ryegrass biotypes to pinoxaden.  Pinoxaden 
treatments applied at one- to two-tiller stage. Data collected 28 days after treatment. 
 
Figure 2-2. Dose response of selected Italian ryegrass biotypes to pinoxaden.  Pinoxaden 










Figure 3-1. Response of selected Italian ryegrass biotypes to pinoxaden (15 g ai ha-1) applied at the one- 

















                 Figure 3-2. Polymerase chain reaction profiles of five Italian ryegrass biotypes 
                 bearing sensitive (130bp) and resistant (165bp) acetylCoA carboxylase 
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